The pressure of wet water vapor inside a condenser has a great impact on the efficiency of thermal cycle. The value of this pressure depends on the mass share of inert gases (air). The knowledge of the spots where the air accumulates allows its effective extraction from the condenser, thus improving the conditions of condensation. The condensation of water vapor with the share of inert gas in a model tube bank of a condenser has been analyzed in this paper. The models include a static pressure loss of the water vapor/air mixture and the resultant changes in the water vapor parameters. The mass share of air in water vapor was calculated using the Dalton's law. The model includes changes of flow and thermodynamic parameters based on the partial pressure of water vapor utilizing programmed water vapor tables. In the description of the conditions of condensation the Nusselts theory was applied. The model allows for a deterioration of the heat flow conditions resulting from the presence of air. The paper contains calculations of the water vapor flow with the initial mass share of air in the range 0.2 to 1%. The results of calculations clearly show a great impact of the share of air on the flow conditions and the deterioration of the conditions of condensation. The data obtained through the model for a given air/water vapor mixture velocity upstream of the tube bank allow for identification of the spots where the air accumulates.
Introduction
The efficiency of thermal cycle depends, among others things, on the vacuum level inside the condenser. Due to the leakage of the condenser, air (inert gas) penetrates into the system. One of the factors influencing pressure and the resulting temperature of water vapor saturation is the mass share of inert gases [4, 6, 8] . The presence of air results in a decrease of the partial pressure of water vapor near the condensate film, which causes a local drop of saturation temperature, decreases the difference of temperatures between the water vapor and the wall and deteriorates the conditions of heat flow [5, 6, 8, 10] (Fig. 1 ). The accumulating air causes additional thermal resistance and necessitates a greater number of tube rows for the water vapor mass flow to condense. In [3] heat flow and the phenomenon of subcooling was analyzed for condensation inside the horizontal tube. The influence of the share of air, gas velocity and pressure on the heat transfer coefficient was investigated. The influence of the mass flow of gas, mass share of inert gas and pressure during condensation inside the horizontal tube on the heat flow was described in [1] . Experimental research indicates that an increase in the mass share of air to 4% results in a drop of the heat transfer coefficient, α, of up to 20% referred to the same coefficient for pure water vapor [2] . Problems related to the mathematical modeling of condensers have been described in [8] . In this work a mathematical model was analyzed that leads to a solution in the form of fields of velocity, pressure and inert gases for two types of condensers. The analysis of the changes of thermodynamic parameters during water vapor condensation with the participation of air is an important issue in terms of water vapor cycle efficiency.
In this paper the authors analyze the influence of the mass share of air in water vapor on the thermal and flow parameters in the model tube bank of a condenser.
Calculation model
The model tube bank is composed of tubes set in a rectangular order with identical vertical and horizontal distance (Fig. 2) . The calculations were made for l = 1 m of the tube length and the width of the tube bank S. Hence, the flow surface area upstream of the bank is
The flow surface area of the gas among the tubes can be described with the formula
The lateral area of the tubes in one row is The following values have been assumed upstream of the first row of tubes: gas mixture pressure, velocity of gases and mass share of air and temperature of the tube walls. In the calculations, water vapor tables have been used based on [9, 11] . Based on the partial pressure of water vapor in an ith row of tubes, for the saturation parameters, saturation temperature, T vi , specific enthalpy, h 1i , specific volume, v vi , heat of evaporation, r i , and kinematic viscosity, ν vi , were calculated. For the given partial pressure of water vapor from the saturation line x = 0 specific volume v li and kinematic viscosity, µ li , of the condensate were obtained. In the model, the authors assumed that the temperature of the mixture equals that of the water vapor saturation
If the calculated value of the temperature of water vapor saturation in an ith row of tubes is lower or equal to the temperature of the tube walls it will result in stopping of the calculations. The mass flow of the gases in an ith row of tubes was determined as a difference of the mass flow of gases in the previous row less the condensed mass flow of water vapoṙ
For the first row of tubes the mass flow rate was determined with the formulaṁ
and for the last rowṁ
The share of air in the ith row of tubes is
For the first row of tubes the share of air k a1 is a preset value while for the last row k am = 1 (for rows in which the entire mass flow rate of steam is condensed). Hence, the mass airflow in the ith row of tubes iṡ
The gas constant of the mixture of gases depends on gas constants of air and water vapor as well as the mass share of air in the water vapor
where R a = 278.05 
For the first row of tubes the mixture pressure, p m1 , is a preset value. The partial pressure of air was determined based on the Clapeyron equation
Based on the Dalton's law, the partial pressure of water vapor was calculated
The density of air is
From the Dalton's law and the Clapeyron equation, the density of mixture of gases was determined
The dynamic viscosity was determined based on the steam tables, and the air viscosity was based on the air density (14) as well as the relation describing kinematic viscosity of air. The air viscosity is described by the function depending on temperature of the gas mixture
The dynamic viscosity has been described with the Wilkie method [10] 
where
Viscosity of the mixture is determined by the relation [10] 
Based on the flow continuity equation, the velocities of gases among the tubes can be expressed as
The total coefficient of pressure loss in the ith row of tubes was described with the relation [2] ξ sum,i = (6 + 9i) X D −0.13
. The loss of pressure is
where ξ 0 = 0. The Nusselt number was described with the aid of formula [10] Nu i = 0.728
The ratio of coefficients of heat transfer for the condensation of water vapor with air and pure water vapor has been shown in Fig. 3 and described with the formula [2] 
The dependence of ε on the share of air for k a ∈ [0, 0.07] was described with the 10th degree polynomial based on experimental data described in
where W j is a Chebyshev polynomial j [7] , and the interval k a ∈ [0, 0.07] was transformed to interval ς ∈ [−1, 1]. The values of the coefficients of 
The heat flow from the water vapor condensing to water inside is described by the formula
For the last row of tubes the heat flow was calculated based on the relation
The flow of the condensed mass of water vapor is
Results of calculations
The calculations were made with the assumption that the tube bank receives a mixture of water vapor and air of the pressure of 7000 Pa with the velocity of 17 m/s. Taking the change of the flow area in the tube bank into account, the velocity between the tubes in the first row was 34 m/s. Besides, it was assumed that there is air in the water vapor of the mass shares of: 0.002, 0.004, 0.006, 0.008, and 0.01. The tube bank is composed of tubes set in a rectangular fashion of identical horizontal and vertical distances. The dimensions have been given in Tab. 2. The length of the tube bank results from the number of rows of tubes where the water vapor condenses. The model allowed calculating the static pressure in the subsequent rows of tubes. For the increasing initial mass share of air from 0.002 to 0.01 the number of rows of tubes, on which total condensation of water vapor occurs, grows from 12 to 25 (Fig. 4a) . The increase in the number of rows of tubes results in a greater loss of pressure during the flow of gas through the bank. The consequence of that is a drop of temperature (which depends on pressure) of water vapor saturation (Fig. 4b) . This deteriorates the conditions of condensation. When the mixture of gases flows through the tube bank, its velocity (Fig. 5a ) and the Reynolds number (Fig. 5b) drops. This drop is the fastest for the lowest mass share of air upstream of the first row of tubes. In the last rows of the tube bank the water vapor fades. This results in a drop of the flow velocity of the mixture of gases and the Reynolds number to values close to zero. The total loss coefficient, depending on the geometry of the tube bank and the Reynolds number, grows in subsequent rows of tubes to the value of approx. 30 (Fig. 6a) . This growth is the fastest for the lowest initial share of air. A relatively high value of the total coefficient of pressure loss in the last rows of tubes results in a small loss of pressure due to low flow velocities of the mixture in these rows (Figs. 5a and 6 ). The drop of pressure is the greatest in the first row of tubes and it decreases in the subsequent rows of the tube bank (Fig. 6b) . The total drop of pressure increases linearly along with the initial mass share of air (Fig. 7) . For k increasing from 0.002 to 0.01 the total static pressure loss grows from 48 to 85 Pa. The partial pressure of water vapor, except the last rows, decreases smoothly in the model tube bank (Fig. 8a) . The increment of partial pressure of air in this part of the tube bank has a similar character (Fig. 8b) . In the last rows of tubes the partial pressure of water vapor drops abruptly and the partial pressure of air increases. This results from the small residual mass flow of water vapor and accumulation of air. The heat of evaporation depends on the partial pressure of water vapor and the saturation temperature. For majority of rows, the heat of evaporation is approx. 2410 kJ/kg (Fig. 9a ). Due to a drop in the saturation, the value of the heat of evaporation in subsequent rows of tubes increases gradually. The Nusselt number for most of the rows assumes values of approx. 335 (Fig. 9b) . In the last rows, an increase of the Nusselt number takes place, which results from a small difference between the temperature of the tube wall and the temperature of water vapor saturation. This increase also depends on the obtained course of heat of evaporation. The heat transfer coefficient α allowing for the presence of air in the condenser depends on the Nusselt number and the course of the function ε. The mass share of air upstream of the first row of tubes significantly influences the value of the heat transfer coefficient (Fig. 9c ) and the heat flow (Fig. 9d) already at the front of the tube bank. For the first row of tubes, the heat transfer coefficient assumes the values from 3000 to 6000 W/m 2 K and the heat flow from 150 to 280 kW. In the last rows of tubes the mass share of air k grows rapidly as a result of the fading water vapor. This results in a decrease of heat transfer coefficient, α. The mass flow of gases flowing through the tube bank drops from approx. 0.8 kg/s to values close to zero (Fig. 10a) , which results from the condensation of water vapor. The amount of mass flow of condensed water vapor in the rows of the tube bank mainly depends on the heat transfer coefficient and the difference between the temperature of the wall and the temperature of the mixture of gases. Hence, the courses of the characteristics of heat transfer coefficient, α, and Nusselt number, Nu (Figs. 9c and 9d), and condensed water vapor mass flow rate, ∆ṁ, (Fig. 10b) are similar. The mass flow rate of condensed water vapor decreases as the gases flow through the condenser (Fig. 10b) . A deterioration of the conditions of condensation results from the increase of the heat resistance of the air accumulating in the subsequent rows of tubes (Fig. 11 ) and the drop of the partial pressure of water vapor, which results in a drop of the water vapor saturation temperature. In the last rows of tubes one can see an abrupt increase in the mass share of air, k, (Fig. 11) . 
Conclusions
The presented calculation model allows determining of the average values of thermodynamic and flow parameters occurring in individual rows of tubes of a condenser. Based on the results included in the paper, it can be observed that a relatively small increase in the mass share of air in the water vapor entering the condenser results in a change of the flow parameters and a significant deterioration of the heat flow conditions. Additional heat resistance triggered by the accumulation of air results in a need to increase the number of rows of tubes for a successful condensation of water vapor to take place. The proposed calculation model allows determining of the length of the tube bank in which the water vapor condensation occurs. The resultant length of the tube bank depends on the initial velocity, pressure of the mixture of gases and the mass share of air. The model also allows determining the row, in which the temperature of water vapor saturation is close to the temperature of the tube wall, in which case a significant deterioration or even pausing of the condensation process occurs. This and the knowledge of the mass share of air in each of the rows allow determining the spots where air accumulates in the tube bank of the condenser and its successful extraction.
The presented model assumes a constant value of the pressure and velocity in the intake plane to the model tube bank of the condenser. In the next stage of research, analysis is planned allowing for determination of the thermal and flow parameters in a tube bank of a condenser of a fixed number of rows and variable initial parameters of the air/water vapor mixture.
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